Abstract-The slow-wave dispersive properties of a traveling-wave tube (TWT) changes considerably when either the helix is supported by a dielectric or the waveguide is filled with plasma. The dispersive properties of the dielectric-supported helix waveguide have been examined for different geometric parameters of the helix waveguide. The dispersion relation of the helix mode is found to be upshifted by a>p cos 2 <j>, when plasma is introduced in the device, where u P , <j> are the electron plasma frequency and the pitch angle of the helix respectively.
I. INTRODUCTION
I N RECENT years there has been growing interest in high-power and high-frequency microwave devices for generating radiation at millimeter and submillimeter wavelengths. Microwave devices such as gyrotrons [1]- [4] , magnetrons [5] , and free-electron lasers [6] , [7] make use of the synchronism of the electron beam with the fast waveguide modes. On the other hand, an electron beam propagating through a slow-wave structure couples with the slow electromagnetic modes of the system and emits coherent short-wavelength radiation. The slow-wave structure may be a dielectric material [8] , [9] , a discloaded waveguide [10] , [11] , or a helix [11] , [12] which slows down the phase velocity of the electromagnetic waves. The common need for all these devices is to understand the properties of the propagating electromagnetic waves in various geometric configurations. One of the slow-wave structures that has been used frequently in broad-band amplification applications is the helix waveguide. Electromagnetic wave propagation in a helix has been extensively studied [12] - [15] . In practice the helix is located inside a waveguide by means of suitable dielectric supports. Consequently, the geometry as well as the permittivity of the support material controls the helix dispersion characteristics and hence the bandwidth and gain of the device. Previous theoretical analysis of such a structure has been restricted to circuit analysis [16] .
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Moreover, there has been intense interest in filling the waveguide with plasma [17] - [24] for high-power operation of the device and shortening of the operating wavelength. The plasma can assist in neutralization of the space charge and current of the beam and permit higher beam currents and output powers than in the conventional vacuum devices. This motivates us to examine the dispersive properties of a helix-loaded waveguide first surrounded with a dielectric support and then when plasma is loaded in the device.
In Section II, we assume that the helix is surrounded by a dielectric support and is located inside a waveguide. Applying the boundary conditions at the vacuum-helix interface, we obtain a dispersion relation without including the effect of beam electrons. In the second model, the dispersion relation is obtained for the waveguide completely filled with plasma with no dielectric support of the helix. A discussion of the results follows in Section III.
II. DISPERSION RELATION
Consider a helix of tape width 5 and tape gap 6' with zero thickness located inside a conducting waveguide of radius b (see Fig. 1 ). The radius and the pitch of the helix are denoted by a and L, respectively, thereby defining the pitch angle 0 by cot (0) = 2ira/L. The unit helix vector e^ is given by e^ = cos <t>e e + sin <j>e z where e e and e z are the unit vectors along the azimuthal and axial directions, respectively. The helix axis is taken to coincide with the z axis and cylindrical polar coordinates are used. The waveguide wall at r = b is metallic. We consider only the azimuthal symmetric modes (d/dd = 0) and assume the phase variations as exp { -i(wt -(3 n z)} where /3 n = /3 0 -2irn/L is the axial wavenumber for the azimuthal harmonic number n. We restrict our analysis to the fundamental mode {n = 0). The dispersion relation for such a structure is obtained by matching proper boundary conditions at the helix surface. The boundary conditions appropriate to a tape helix are [12] - [14] as follows:
i) The discontinuity in the tangential magnetic field is equal to the total surface current density. These are and ii) at the helix surface the electric field along the helix direction is set equal to zero along the center line of the tape. This is
The subscripts I and II in (1) and (2) represent the field vectors in the inner (region I) and outer (region II) regions of the helix, respectively. j n is the surface current density along the helix direction with the unit vector. The surface current density J^ is reasonably expressed as [14] 
and 8 is the tape width.
A. Dielectric Supports
Consider the case where the outer region (a < r < b) is filled with a dielectric material of permittivity e. The inner region 0 < r < a is vacuum. Maxwell's equations for the perturbed electric and magnetic field amplitudes can be expressed as
(4) We discuss only the vacuum mode dispersion relation, i.e., the electric current density J h = 0. From (4) the axial components of the electric and magnetic fields are given by
(5) Equation (5) is valid in the outer region with e' = e in the central region (0 < r < a)e' = 1. The physically acceptable solutions are
). In writing (6) and (7) we have made use of the boundary condition at r = a that the tangential component of the electric field is continuous across the helix, i.e., 
J n , Y n are the Bessel functions of the first and the second kind, respectively, of order n (0, 1). The constants A and B in (6) and (7) are evaluated with the boundary conditions written in (1) and (2) . This gives
where
• (12) Making use of (3) along with (9)- (12) we obtain the dispersion relation for the dielectric supported helix waveguide as
In (13) the left-hand side is the term proportional to the phase velocity and the right-hand side describes the dielectric loading factor (DLF) of the structure assumed.
B. No Dielectric Supports
Consider the case where both the outer and inner region of the helix interface of the helix are vacuum. In this case (13) 
Equation (14) is the dispersion relation for a vacuum-helix-loaded waveguide. In the limiting case where the outer conducting wall approaches the helix surface (b -* a), the dispersion relation decouples to three distinctive modes. These are transverse-electric like, transversemagnetic like, and the helix mode. The helix mode is given by aw/c = a/3 0 sin </ >
requiring v b /c = sin <j> for high gain microwave amplification, where v h is the electron beam velocity.
C. Plasma-Filled Helix Waveguide
Consider the case where the helix is located inside the waveguide and completely filled with plasma. The system is immersed in a strong axial dc magnetic field. The wave equation goverening the propagation of the electromagnetic wave is
where e is the dielectric tensor of the plasma, e xx = 1, e yy -1, e zz = 1 -(cop/co 2 ), other components are zero. Equation (16) 
and
From Maxwell's equations we express the tangential components of E e and B e in terms of the axial components of B. and E., B e = Using (19) and the boundary conditions (1), (2), the constants A' and B' are obtained as
The dispersion relation obtained using (3) together with (20) and (21) is
It is observed from (14) and (22) that in the case of plasma-filled waveguide, the dispersion shaping factor (right-hand side of (22) 
(23)
In this paper we have studied the dispersion characteristics of a helix-loaded TWT when a dielectric or plasma is introduced into the system. We have restricted our analysis to the azimuthal symmetric modes and the dispersion relation is derived for both cases. Fig. 2 shows the dispersion curves for the dielectric supported helix which are obtained by solving (13) numerically for the following parameters: b/a = 1.5, e = 4.0 for different values of <f> = 30°, 40°, 50°, 60°. In Fig. 3 , the dispersion curves corresponds to <j> = 30°, e = 4.0 for different values of b/a = 1.5, 1.8, 2.0 are shown. Several points are noteworthy here. First, the introduction of the dielectric would restrict the electromagnetic wave propagation in the slowwave region filc 2 /e < w 2 < &\c 2 . Second, the dispersion curves of the helix mode in the dielectric-free helixwaveguide wiggles, and the wiggles are prominent when the values of b/a increase from unity [14] . This characteristic is missing in our model. The presence of the dielectric appears to flatten the curves. Third, it turns out that at lower frequencies the modes have lower phase ve- locities and at somewhat higher frequencies they acquire higher phase velocities and the dispersion curve runs parallel to the dielectric threshold line. Also the modes have lower phase velocities for higher values of the pitch angle (0) and b/a. Following (22) we have drawn the dispersion curves of the helix mode when filled with a plasma for the following parameters: 0 = 30° and a 2 o? P /c 2 = 0.4, 0.8. For the frequency range w < u c , u> < u P , or w > w ( ., w > co P , (u P and a c are the electron plasma frequency and the electron cyclotron frequencies) the dielectric constant of the plasma is greater than unity and is considered as a slowwave structure in plasma Cerenkov maser experiments [22] - [24] . As the relativistic beam propagates through the plasma-filled waveguide, plasma electrons are repulsed by the Coulomb force of the beam forcing them to move outside of the beam radius. The more massive positive ions are essentially stationary so that the beam travels a region containing net positive charge which neutralizes the beam's self-charge. The current limit in the vacuum devices is due to the self-magnetic field of the beam which for large beam currents becomes strong enough to turn the beam particles around. When the beam is injected into a plasma, under certain conditions, a return current is induced to flow in the plasma within the beam [25] . The magnetic field is then reduced and in some cases may get even completely canceled. This allows the transport of higher beam currents in the device [26] , [27] and yields higher microwave power outputs [21] . In the absence of plasma, the helix mode is a straight line (c.f. (15)). The plasma upshifts the dispersion curves by (a 2 u>p/c 2 ) cos 2 0, which means that introducing low-density plasma should generate shorter wavelengths than the vacuum device with the same beam energy. Thus for an appropriate choice of geometric parameters of the device such as b/a, 4>, e together with the plasma density the performance of the device can be optimized.
